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Turbioet k bxpanikm k basset temperatures 
V. I. EHFANOVA 

The U.S.S.R. Scientific Research Institute of Oxygen 
Moscow, U.S.S.R. A 


SOMMAIRE. Le developpement des grande s installations pour la production 
d'oxygene gazeux est inseparablement lie d la construction d*une turbine d expan- 
sion sure et simple travaillant d basses temperatures. Une turbine d expansion 
reactive du type centripite dont le rendement adiabatique Halt de 80% fut dive- 
loppee en 1939 sous la direction de Vacadimicien P. L. Kapitza. La difference 
principale entre ce nouveau type de turbine d expansion et la turbine d expansion 
de Unde du type actif est quoique la grille de V^impeller*" du premier est du type 
**confusor\ que I’ expansion du gaz a lieu dans impeller"* grace au gradient de 
pression considerable cree par V action des fortes centrifuges dans le tong blade 
impeller**. Des experiences ont montre que les exigences principales pour atteindre 
un haut coefficient de performance consistent en la **confusiond mode** du courant 
de gaz dans I**' impeller** , les vit esses basses absolues du gaz quittant I*** impeller** ^ 
I' usage correcte du gradient de pression formi par 1* action des forces centrifuges 
et la creation de conditions pour les quelle s la vit esse du courant du gaz venant des 
'*guid€ vanes** ne depasse pas la valeur critique d*une fafon importante. Des 
pro jets pour des turbines d expansion reactives d basses temperatures ont ete 
jaites pour des capacites de 300 a 20.000 Nm^Jbr d*air. Le rendement adiabatique 
de grandes machines pent alter jusqidd 82-83%. Les resultats des recherches de- 
rnontrent la posuhilite d' augmenter encore le rendement. Les turbines sont d un 
etage, avec soit un ^'impeller** bilateral monte sur un axe flexible amorti, soit un 
^'impeller'* unilateral cantilever monte sur un axe rigide. Plusieurs projets de 
turbines d expansion sont di scutes dans cette communication et des recom- 
mandations sont donnees en ce qui concerne les relations et paranietres optimaux. 


The last decade has been characterized by the extensive application of gaseous 
oxygen and otl«r products of air separation in different fields of industry in many 
countries. This trend is accompanied, of course, by the development of new equip- 
ment for large-scale low temperature air-separation plants. 

Big modern air-separation plants for obtaining gaseous products operate on 
low-pressure air refrigeration cycles using compressors and expansion engines of 
the rotary type. Work on low-pressure air-separation installations was started 
in the U.S.S.R, under P. L. Kapitza on the basis of his new expansion turbine. 
The high iscntropic efficiency peculiar to this new expansion engine which, in the 
low-pressure air -separation installation, is the only source for refrigeration, ensured 
the development of large-scale oxygen production in big and economical air- 
separation plants. Installations producing up to 15,000 nm* oxygen per hour per 
unit, working continuously for two years, arc being successfully run in the U.S.S.R. 
They have low temperature inward radial flow reaction turbines developed on 
the basis of that proposed by P. L. Kapitza. At present expansion turbines of this 
type have beeil developed in various countries. J. Wuchcrer pointed out in a com- 
munication at the Congress that suctv expansion turbines arc reliable in operation 
and notable for their high efficiency. 

The experience acquired in designing, invcstigaiting and operating expansion 
turbines at low temperatures enables us to put forward a contribution on this 
subject. We hope that discussion on the design and construction of expansios: 
turbines will be of great use and favour their further development. 
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Unlike the turboe^anders of the impulse type <lmh|pd formerly by the Linds 
Company, in the inward radial flow 'reaction turinne the air is e^tpanded not only 
in the stationary nozzles but also in the chaoacts of die wheel at a oooataot or 
accelerated channel velocity. This is achieved by usin^ wheels with *'loog Mades**, 

/. r. with a small ratio of exit to entrance diameter of the wheel ^ ; which creates 

a substantial pressure gradient due to the effect ^f the centrifugal foreee. Under 
the operating conditions of the low-temperature e]q>aiiston turbine designed in 
air-separation unit^for a comparatively small enthalpy drop (about 2) kcal/mole). 
such a construction made it possible to lower considerably the energy losses due 
to the flowing of the gas stream across the turbine. Thus it wu possible to keep 
the gas discharge velocity from the stationary nozzles about the sock and to 
employ simple nozzles. Accordingly the energy losses in the noshes and in die 
radial clearance between the nozzle box and the wheel were reduced. Thanks 



to the small diameter ratio ^ the change in the direction of the gas stream 

is smooth and not very large. This, together with the small relative velocities of 
the gas stream at the inlet and in the course of its usually accelerated passage along 
the channels of the wheel, led to a reduction of losses across the wheel. The gas 
stream leaves the blades at a comparatively small velocity due to the small ratio of 
d^ 

; this consequently cuts down the losses dependent on the exit velocity. These 


are the principal features which made it possible to obtain the high isentn^ic 
efficiency peculiar to the inward radial flow reaction expansion turbines. However, 
as compared with the impulse turbines, the losses due to the disk friction and 
flowing of the gas past the blades are considerably higher in reaction turbines 
where the pressure drop across the wheel is substantial and the gas in the space 
between the wheel and the casing has a higher pressure. 



« 



Fig. 2. T-S diagram of the gas expansion process, a) reaction expansion turbine, b) impulse 
turbine. Refrigerative losses: I. in the stationary nozzles. II. across the wheel and the dis- 
charge velocity. III. due to leakage through the inner labyrinth glands. 


Fig. 1 shows the T-S diagram of the process for the reaction expansion turbine 
and impulse turbine; the main refrigerative losses are indicated respectively. 
Refrigerative losses *are energy losses determined at the terminal expansion pressure 
by the product of the entropy increase and corresponding mean temperature. The 
different states of the gas are indicated as follows: 0 - the initial state, 1 - before 
the wheel, 2 - behind the wheel, K - the terminal state taking into account the 
changes in the state of the gas Aused by contact with the part of the gas which had 
passed through the inner labyrmth glands. 

If the design and construction ratios are selected properly the total refrigerative 
losses are considerably smaller in the inward radial flow reaction turbines than 
in impulse turbines. 

Low-temperature expansion turbines are being operated in the U.S.S.R. handling 
from 500 to 20,000 nm® air per hour. The isentropic efficiency at liquefying 
temperatures is 82-83%. J. Wucherer reported even higher efficiencies. It should 
be mentioned, however, that in evaluating the efficiency of expansion turbines 
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Dimensionless wheel inlet width 

1 


d,' ~ ° 0.03 

toJhe fl peripheral wheil speed 
whirh ‘^'“'■'rical spouting velodty U, 

corresponds to the total c = - o.67 

isentropjc enthalpy drop ^ 

Reaction, i. e. the relation of the 



^ Inward radial flow- 


reaction turbine with a two-ex, ts-wheel. 


whirh hoc ^ with two exits on a l ^ expansion 
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Fig. 3. Inward radial flow reaction turbine with a one-exit wheel. 


A bearing with a damping device as it is shown in Fig. 4. secures the dynamic 

a wheel which has one exk is simpler. The te«ing 

rSnTwheif'Total^ £ «U1 tr^”tS ^^dXgs 

ligated rb^h^ides of the wheel at about the sa^ diameter, and several dnllmgs 
bored through the main wheel disk close to the hub. to 

Labyrinth^ands with sufficiently numerous combs arc employed 

the refrigerative losses due to the flowing of the gas pas the blade^ The 
llage of cold gas through the labyrinth glands on the shaft rs usually less 

ring these two construction types one have expected^the is^^ 

efficient of the turbine with a two-exits-wheel to be higher than ot that witn a 
Le-exit^heel designed for the same conditions. As experience 
difference is not veri ts fential Thus the manufacture of expanwon turbine with 
a one exit-wheel is fully justified because of their notable simplicity in construcUon 
and reliability in operation. 



Fig. 4. Elastic damping bearing. 
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* The Wade arrangement may be of numerous thin blades (in which case fcalf 
of them ate shortened and located only at the entrance) as in our firrt eh^ 
or it may be of the inverse centrifugal, compressor type, and t^ the bl^ m 
not to nmaetous. The first Made arrangement has a »• •, ^ 

of the Wade pitch at the wheel entrance to the radial length of the blade tj = 

- }JL. , about tj = 0.12, the second has a relative pitri> about t^ = 0.6. 

' AsX the efficiency both arraagemenU, as eqierience has shown, are 

value, however, from the standpoint of construction, arrangements with less 
numerous blades are more convenient. In addition theoretical consideratioM imply 
that the number of blades of the inward flow eapander wh^ may be less than 
♦ that recommended for a centrifugal compressor wheel. That is why at present we 

produce wheels with a blade pitch of about tj = 0.6. ■ 

The investigations performed have shown that in most cases tM least 

jre peculiar to thos# constructions where the Inlet angle of the wheel blade 

is 90*. 



Pig. Norzlc arrangement. 


The stationary nozzles arc shaped approximately like those shown m Fig. 5. 
The nozzle angle is usually 14-20*. The velocity factor for riozzles of this type, 
that is the ratio of the actual discharge velocity Cj to the isentropic discharge 
velocity is 0 = 0.96 0.97^ if the discharge velocity is close to the sonic, i. e. at 

^ jf ttie ratio decreases 0 is lowered, that means that the losses 

through the nozzles increase. The negative influence of the section in the nozzles 
may chiefly account for this. 

Calculating the stationary nozzles for a low -temperature expansion turbine one 
should take into account the deviations of real gas from the ideal g« laws by 

introducing the factor for the supercompressibility of gases Z = rj • 
factor is considered to be constant in the course of expansion of the gas in the 

Reaction expansion turbines have no devices to control the capacity. Therefore 
the oxygen plants have two identical turbines. During the starting period both 
of them are in operation. At liquefying conditions one of them operates and the 
other remains in reserve. Sometimes it is necessary to change the nozzle box. tor 
instance, one set is designed for winter conditions and the other for summer. 
However, the design of a controllable reaction expansion turbine is also possible. 
Preliminary experimental data have shown that it is possible to control the capa- 
city over a relatively wide range, tic efficiency being lowered comparatively little. 

Besides the design of controllable turbines, our task is to develop radial expan- 
sion turbines with two or even more expansion stages. 

Copyright reserved 
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The Trend in die Desipifaig ol Large Gaseous Oxygen Plaids 

Lcs tendances principales dans la construction de grandes installations pour 
oxyg^nc gazeux 

G. M. BARANOV, Director „ u- 

The U.S.S.R. Scientific Research Institute of Oxygen Machine-Building, 

Moscow. U.S.S.R. 


SOMMAIRE. Lej grandes installations modernes pour la production d^oxygene 
gazeux sont toutes hashs sur le principe de basse pression en utilisant des turbo^ 
machines. Le travail sur le dh>eloppement d'appareils pour la recUftcatton de Patf 
jut commence dans VVnion sovietique apres 1940 sous la direction de VAcademtcten 
P. L. Kapitsa en se hasant sur sa turbine a expansion hautement effective. 

A la suite de tastes recherche s et du travail experimental execute d VNllKtMash 
un certain nombre deinstallations furent construites dont les capacites variaient entre 
^600 et 1^000 mV hr d'oxygene gazeux. 

Dans le rapport le circuit de telles installations est examine et des solutions con^^ 
cretes sont presenth^s en ce qui concerne les problem es techniques qui se posent a 
la ^utte de la nouieautc des pro jets et des grander dimensions des installations. 

La construction des colonnes de rectification et des evaporateurs-condenseurs 
a long tube est montree. La solution des princtpaux problemes de construction se 
rapportant au drainage de Nir de tapeur d ean et d' anhydride carbomque ^st 
discutee. Le gtd du regenhateur est empia he par un reghierateur d' azote supple- 
rnentaire avei bourrage ordinaire La methode pour degeler des unites a basse 

pri\s\ion est deirite. ^ j • l n r 

L’ experience acquise pendant !' operation des installations d grande ec belle a de- 
montre que la construction ptopo\ec aisure Uur operation sans devoir degeler pen- 
dant des periodc'^ allani imqne ileux an\. 


The main current trend in the development of technological processes for the pro- 
duction of gaseous oxygen rests on the low pressure principle utilizing turbo- 
machines. 

All relatively large plants were built until late on a two-pressure cycle. Ine 
introduction of high pressure made it possible to remove from the regeneramrs by a 
reverse flow the moisture and carbon dioxide that remained on the packing after 
the direct air flow. The high pressure provided also the production of the greater 
part of refrigeration. The so-called rectification process reserves available in these 
plants were al.so used for the production of refrigeration by expanding in the ex- 
pansion turbine a part of the nitrogen taken from under the condenser cover. 

Plants, operating in two-pressure cycle, are sufficiently reliable and maneuvrable 
but complex in their equipment and in operation due to the presence of high pres- 
sure air, piston compressors, equipment for the chemical purification of air of 
carbon dioxide and an ammonia refrigerating system. 

To eliminate tiie high pressure and to operate with only low pressures it was 
necessary to design a highly efficient expansion turbine that would allow to com- 
pensate refrigeration losses w ith a minimum worsening of the rectification process. 
It was also necessaryto develop a system of heat exchanging devices for freezing 
out the moisture and carbon dioxide present in the air and their subsequent com- 
plete removal by a reverse flow. 

P. L. Kapitsa suggested in 1939 1940 a new' highly efficient type of expansion 
turbine a reactive radial type turbine. The new' machine proved to be reliable in 
Operation and to have an efficiency of over 80%. 


\ 


A 
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development of 'the /irsnlfsTpTihng^anl^oS" ^ 

«E5„,i„„ oTr-pulTSI ,'■’ ” *•' >i« 2^ 

Heat-exchange devices, designed in T. lit 
recuperators with an unbalancfd flow are verl"'-'" regenerators - 

f/icient enough (due to a large resistance and a^h iff manufacture and not 
warm end of the regenerator) ‘"^Perature difference on the 

and'^;:!- ^ -- simple m design 
Hogging of t,.e regenerators e[imin|ted tL probLm“' 

■" .woA"Z";r.' "" 

"'Stall., t„.,K w„|,„ur bein^, E E'orV^ d'’" regenerators of two-pressure 
due to a surplos , by 3 ^ .f , n, f f as is know^ 

reverse tlow .s provided hy high pressu f , n^/T? u"' d,e’ 

in nitrogen regenVra!,'‘rf thV‘Ielanon o'f I’E" '>f ‘ow-prelsfrrplams' 

■o this case even less than unm tL 7""' d'rect one becomes 

regenerators umle, which the air Vs ^^''-exchange in nitrogen 

the accumulation of carbon dio.vide ,n thf nor 1 ' > ' vapour wdth 

7 Di? ’1 tinbalanced so-callcal " ..oo" |J eliminated are 

-f pan at the heat load of the nitro-en - . ' ^ ^'"w allow, traasfer 

mVT ''r' 'en,perature\hfferen!e'u'’'tl 'n' '’'7’^*’''^" ■^‘r'>eooler and 

. Id facilitating the oihliniation of the ,aib„o i Lx V regenerators 

t:;" '™“”« ■« p-™* 



1- air IS pas.sed ,n a direct flow and cocLe 1 w'hiE "‘'^‘‘""rators ,s as follows; 

r 

a flow of air (a “loop’^ flow^ is pfsst^l" deposited impurities- 
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is then dicharged at 160 180®K through special valves from the middle part of 

the regenerator. 

The flows are passed through the other nitrogen regenerators in the same suc- 
cession and while a direct flow of air passes through the first (Fig. 1) regenerator, 
nitrogen flows through the second and the “loop” air flow is run through the third 
one. 

The mean temperature difference at the cold end of the regenerators is main- 
tained w’ithin ^ to 6°C by changing the heat load of the nitrogen heater as well 
as the amount of “loop” air. 

Thus the purification of the entire amount of air, supplied for separation, of 
moisture and carbon dioxide is performed in the regenerators. 

An additional purification of the unbalanced flow, which is required in the case 
of a disturbance of temperature conditions in the regenerators, is performed as this 
flow is cooled in a heat-exchanger by means of a heat exchange with the air passing 
^from the lower column to the turbine. 

The detaining of the carbon dioxide crystals carried along by the air from the 
regenerators or lieat -exchanger as well as the reduction of acetylene content in the 
air flow passing through the expansion turbine is provided by w^ashing the air on 
three washing plates arranged in the lower part of the lower column. 

By applying the above new solutit>ns on tl* expansion turbine design and the 
f'lrevcntion nt dogging of the legcnci ators, a technological process was elaborated 
which constituted the basis of a number of low pressure air separating units with 
capacities of tiorn v^>(){) HdOO l^.OOo norm, m^Vhr of gaseous oxygen. The 
largest air scfcii.tnng unit w ith a noniinal capacity of 12,500 norm. m^Vhr of tonnage 
• 'xvgeii IS inariiit.n tiio-d on a '-.rna! st.i'e. I he first experimental unit has been 
in oper.Oio.n ^ ' sO''o .i,-!.: a-s.'I;..! tor the tir>t two years without stopping. 

A.t<»rh!r)L: :<■ ■!'< mm .*! ti.sts the ^pt'cific power consumption was from 0.13 to 
c d k\X )i; I M M-iii: ni--^ oi «)\\gen at .i nominal capacity of 12,500 norm. mVhr 
>at '0 ( ano "('O nim Mgi wlicn ofni.iting without the krypton and pure oxygen 
block and at ,i aine ot isothermal etticicncc of the turbo-ca^mpressor amounting 

to 

The sc}>eiit.itc. tedip.oiogua] iiiagram ot tlx jMit of this unit connected with the 
piod'ic tioii -n '■ >niM (oVvten is go. t. n m Ihg, 



/•Vg. - Flow dcuoii ', of a 12,500 m'Vhi oxygen plant. 1. Oxygen regenerator; 2. Nitiogen 
regener.ifor; Heat t\cliingei nitrogc'n heater: 1. Acetylene adsorber, 5. Heat exchanger 
tor .nr pM.ine to tiuhiiK; 6. Ijtjiijd sepaiator Hpper rectification column; 8. Lower 
loi til 11 .iri( -n iiiiMin; V f.icjnid nitrouen and an suhtoder, 10. Carbon dioxide filter; 11. 
Act'tvh IK- .1 IsolIh:! ; I.' ( .(>n. leaser; 13 C ondenser evapor.itiu of produce oxygen; l4.Acc- 
t\ It'fu/ . hIm M Fm . IS, F'xp.nision ra^hirie unit 

1 be m.nn .oi- sc-paiition block niav l>e c (jL;i['ped. it necessary, with additional 
Mpiipmcnt 1 ( 1 / f(ic pr-' •• iiK tion o! [si im.u v krvj'tori concentrate and the required 
.m 'i pme =-\\gc-'i (oo S'", ()_.), s i!i;jsrr.ites the flow diagram for obtaining 
f pii* hic t' .!){■ s< pa •■.tU.'n 

3tld't! )!id . .'i,p'ia..n: iiro.i'ied m -mc’ cases On the prod.uctiori of a certain 
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I'fg. 3. Flow diagram of additional equipment for the production of krypton and pure 
oxygen. 1. Concentration part of krypton column; 2. Distilling part of krypton column; 
3. Pure oxygen column; 4. Column for washing pure oxygen of krypton; 5. Krypton column 
upper condenser; 6. Condenser-evaporator; 7. Liquid separator; 8. Krypton concentrate 
evaporator; 9. Pure oxygen condenser-suhcooler; 10. Liquid oxygen pump; 11. Pure oxygen 
heat exchanger. 


A respective amount t)f air is taken trom the upper part of the regenerator 
during the loop finw of air for heat exchange with the primary krypton con- 
centrate and pure oxygen i>r nitrogen 

Ipi (.Icsigmng a plant of a capacity mentioned above, new engineering solutions 
\scre required tor the condensers, rectification crilumn, insulation and other ele- 
ments ot the unit as the existing solutions were unfit or caused serious complications 
in operation 

As a result of investigating various models, a condenser was selected with the 
oxygen boiling insule the pipes and nitrogen condensing in the interpipe space. 
I be application of tins type ot corKlcnser made it possible to use considerably 
longei (ii[' to T metres) jupe^ vcittiout an\ essential inciease of the hydrostatic 
temperature ciepression and to provide the necessary surface u’ith a considerably 
smaller number of pipes at a relatively small diameter of the shell. A change of the 
character of the load on the tube sheet caused by the transfer of the oxygen boiling 
process inside the pipes, made it possible to reduce the thickness of the tube sheet 
by three times and to simplify the construction of the condenser in general. 

One of the main factors limiting possibility of having the upper and lower 
columns each as a single apparatus was too large a load upon the drain device. 
After experimental investigations of the hydraulics of the plates, a double-drain 
meshed circular plate was developed which considerably reduced the load upon 
the drain device. This type of plates allowed to increase by 1.5 times the velocity 
of the vapour flow in the columns almost without any increase of resiistance 
aiul, c< )nsccjuently, to considerably reduce the dimensions and weight of the appa- 
ratus per unit nf processed air ,is well as to design the columns in the form of one 
apparat\is eavh. 

A decrease of tlie load upon the v.lrain device allowed to provide also reliable and 
efficient <»peratinn rlie rectification columns within a wide range of capacity 
variations (the ratio of the maximum capacity to the minimum amounting to 2). 

L^nlike tfie (ordinary metliod of insulating apparatus located inside a shell by 
filling the entire inner space with insulating material, large units were made 
jacketed with insulating material only between the walls of the jacket. This method 
of insulation reduces the insulating material requirements and the apparatus and 
lines become at cessible for assembly, repairs and inspection withtiut the removal 
of the slag wool. Besides, the duration of the starting period is reduced. This is 
why the above method of insulation was considered most rational for large units 
notwithstanding the siimewhat greater losses into the surrounding medium. 
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With the flow of high pressure air purified of moisture and tarbori 
excluded from the layout a new defrosting system of the plant was required. The 
plant is defrosted by air that had been passed through the regenerators and heated 
Up to 20 -30° C. in a special heater. The heated air is distributed among the 
apparatus of the separation block to be defrosted and then passed in a reverse flow 
through the regenerators. With such an arrangement of the flows the regenerators 
are the coldest apparatus throughout the entire defrostation time. Thus, during 
this process all impurities accumulated in the apparatus in the course of their 
Operation are removed. 

An increase in the size of the plants required a new solution of the problem ot 
control. For most efficient operation the plants are equipped wdth recording control 
and measuriru: instrunicnts and remote control devices. The latter are mounte 
tm all the mam piptlinr. thereby allowing more convenient arrangement of the 
apparatus and simplitK ation ol the lines. The lern.tte control is performed from 
the central panel. 

A system ot jutom.itK de\ ike's i.s tKing introdukcd at present that wall make it 
possible to autoui;iticallv maintain preset (Operating vonditions without any interfe- 
rence ot an operator , • r i 

A complex aut<»inat!C svstem is being developed for the solution of a larger 
problem of automatiealK setting and maintaining the operating camditions m ac- 
cordance with the load 

The main engineei in<g solutions kle.sknbed above aiul tested on plants already 
manufactured ,i‘rc ll^cd'a^ ihc i^a-ii for dt-vel.ipmg •^tiil larger oxygen plants and 
units for complex ^eparauon ot air 


A 


Belli ndi bogt-y. ffe'^'Ciok 
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